INTRODIJC'TION
Recently, lead tungstate PbW04, also called PWO crystals, have been considered as a promising material for precise electromagnetic calorimetry [l-71 and the first tests have shown that energy resolution, with photomultiplier readout, better than 3%/dE @ 0.7 can already be achieved with a calorimeter prototype of 9 or 20 counter cells (20 x 20 x 180 + 200 cm3). Among the relevant properties of the crystal, its good radiation hardness has been specially mentioned as well as its short radiation length and its emission in the blue range of the spectrum. Further development in PWO technology to unprove the transparency and uniformity of long crystals suitable for calorimetry has been undertaken. The usual growing conditions for normal PbW04 crystals have been tuned for a better control of stoichiometry, and investigation of pentavalent doping has been explored.
SPECTROSCOPIC AND SCINTILLATION PROPERTIES OF PWO SCINTILLATORS

A. Transparency and Growing Conditions
The improvement of PWO scintillation properties depends on the inimization of defects in the crystals based on Pb3+ ions, caused by a shortage of cation in the W position [8]. As a result the transmission spectrum measured through a 20 mm thickness transversally to the growing axis of test crystal cells presents a difference between the seed side (also called top side) and the other extremity of the crystal (also called bottom side). This difference is shown on Fig. l(a) for crystal grown in a limited-volume crucible of 100 mm in diameter.
A better uniformity of transmission along the crystal has been obtained by using a larger diameter crucible (120 mm) and using increased atmospheric pressure in the growing chamber. This is shown on Fig. I (h) where no transmission spectrum difference has been observed between the top part and the bottom part of the crystal.
To minimize as much as possible the appearance of Pb" clcfects or others, doping by Nb has also been used and found satisfactory [81. Improvement of transparency along the Nb-doped crystal has been obtained as shown on Fig. I@) . Compared with the crystal grown with the stoichiometry stabilization o f Fig. l h ) , transparency in the 300-400 nm wavelength range has been significantly improved. Nevertheless, a weak absorption band appears near 420 nm. The luminescence spectra excited by y-rays are practically the same for the top and the bottom part of the crystal doped with a small amount of Nb. The luminescence spectra for the N3 sample are presented in Fig. 2 for the top and bottom parts. Although the Nh ions change the balance of the radiating centres in the crystal, the overall luminescence spectrum shape is not affected hy the increasing proportion of (Nb03 + F+) centres at the bottom part of the crystal.
DECAY TIME AND LIGHT YIELD OF Nh-DOPED CRYSTAL
A. Decay Time Measurement
The scintillation kinetics for Nb-doped PWO crystal samples has been measured by the usual start-stop method.
Their decay time curves are well fitted by two exponential functions approximation.
where A3 is the noise level of random coincidences.
The main parameters q and z2 of the fit are presented in Fig. 3 where N1 refers to the undoped crystal of the gown set.
The slight decrease of zl and especially of z2 with sample number is attributed to the domination of the (Nb03 + F+) centres' amount on the green luminescence (WO3 + F) centres' amount with the increase of the Nb content in the melt. So the scintillation of crystals with a significant amount of Nb ions is mainly produced by WO:-centres and (Nb03 + F+) centres with decay time constants 2.5 ns and 12 ns, respectively.
The difference between the kinetics of the top and bottom samples is small. The observed variation of decay time constants with increasing Nb content seems in good agreement with the scintillation mechanism expected from the model proposed elsewhere [8]. 
B. Light Yield
The evaluation of light yield in photoelectronsMeV has been obtained by comparison of the photopeak position of the 1.2 MeV y-rays of 6oCo source measured by a Philips 2262 photomultiplier and the single electron peak of the phototube. These measurements have k e n done for reference samples as well as for 180 mm luL-lenglh crystals. For reference sample N3 (bottom part) 40 photoelectrons/MeV have been estimated. The effect of the Nb content in the reference samples on their light yield is summarized in Fig. 4 where the different am,,;,.^ are indicated on the horizontal scale referring to Nb content in mass per cent. Some improvement of light yield is observed for a 0.001 -0.005% r,ange of Nb content. Table I gives the relative position (in channels) of the photopeak of the 6oCo source for full size elements corresponding to N1 (undoped) and N3 samples, both 180 mm long, when the source is mounted at 1 cm (bottom) and 17 cm (top) from the photomultiplier window. The total light yield of Nb-doped crystal appears to be less than for undoped crystal when the source is near the PM window. A weak absorption band around 420 m m which was not present in the undoped crystal spectra appears and may give a small demease of light yield. Its origin must be further investigated.
IV. RADIATION DAMAGE OF PWOZNb-CRYSTALS
Radiation damage in PbW04 crystals is caused by charge exchange processes in the Pb3+ structure point defects under yirradiation. An additional absorption band with a maximum around 620 nm appears for irradiated crystals with an intensity proportionnal to the absorbed dose [S, 91. The crystal radiation damage near the seed (top part) is 10 times less than what is observed at the bottom part. With compensation of recharging defects, the radiation hardness of PhW04:Nb crystals is expected to be better.
A. yRuy Irradiation
Reference samples N1 (undoped), N3 and N6 (top and bottom) were irradiated by a 500 Rads "CO source up to a 0.5 Mrad absorbed dose. Transmission spectra. y-ray excited luminescence spectra, scintillation kinetics as well as light yield were measured after irradiation (2-4 h). Transmission measurements are presented in Figs. 5 (a)-( From these data an estimation of the defects with Pb3' can be made. A compensation already exists for crystal N3 and defect concentration is estimated to be less than 5 x 1017 cm-3, A comparison of crystal characteristics before and after irradiation is given in Table 11 . A good stability of PWO:Nb crystzl to y-rays irradiation is observed. It indicates a negligible amount of defects recharged by y-irradiation and structure point defects which could create colour centres in the crystal.
B. Electron Beum Irrudiution
The full size PWO:Nb crystal corresponding to reference s,ample N3 was irradiated along its longer axis with a 500MeV electron becam at the LIL facility at CERN. The impinging number of electrons corresponded to a 2 Mrad deposit at the maximum of the shower (referred to below as 2 Mrad equivalent). The effect of irradiation on crystal transmission is shown in Fig. 6 for different positions along the crystal from the top side. The homogeneity of the PW0:Nb crystal is indicated by the vicinity of the transparency curves. Table I1 o.5 0 In Fig. 7 the transmission curves through the 180 mm of the crystal before and after electron irradiaton are displayed. The change of transparency at the emission maximum wavelength (500 nm) is less than 5%. The tuning of the growing conditions improved the uniformity of the stoichiometric PWO crystal. Crystals grown with Nb doping show improved transmission below 400 ntn "I, by controlling the Occurence of the defect in the crystal based on Ph3+ ions, their radiation hardness is increased significantly.
